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3UHIDFH6SHFLDO,VVXH³$GYDQFHVLQ1XPHULFDO0RGHOOLQJ
RI+\GURG\QDPLFV´
*HRUJHV.HVVHUZDQL6LHJIULHG0OOHU'DQLHO&DYLHGHV9RXOOLqPH
3HQQLQH:DWHU*URXS'HSWRI&LYLODQG6WUXFWXUDO(QJLQHHULQJ8QLYHUVLW\RI6KHIILHOG8.
,QVWLWXWIXU*HRPHWULHXQG3UDNWLVFKH0DWKHPDWLN5:7+$DFKHQ7HPSOHUJUDEHQ'$DFKHQ*HUPDQ\

 ,QWURGXFWLRQ

0DWKHPDWLFDO DQG QXPHULFDO PRGHOV WKDW GHDO ZLWK K\GURG\QDPLFV KDYH WUDQVIRUPHG WKH ZD\ ULYHU
HQJLQHHULQJDUHSUDFWLFHGDQGDUHSRVVLEO\ZRUWKRIDFRPSUHKHQVLYHUHYLHZRIGHYHORSPHQWVLQWKHLU
RZQULJKW.QLJKWD.QLJKWE'XUDQDQG0DUFKH;LQJDQG6KX6WDQVE\
'HYHORSPHQWV LQ QXPHULFDO PHWKRGV DQG FRPSXWLQJ SRZHU FRQWLQXH WR JURZ WR FLWH MXVW D IHZ
&DYLHGHV9RXOOLqPHDQG.HVVHUZDQL.HVVHUZDQLHWDO6DQGHUVHWDO'DZVRQHW
DO&DRHWDO*HRUJH6PLWKDQG/LDQJ/DFDVWDHWDO=KRXHWDO
'RQDWHWDO=DQRWWLHWDO'HOLVHWDO-XH]HWDO-LDQHWDO5DQHWDO
0XULOORDQG*DUFLD1DYDUUR*HUKDUGHWDO0DUVRROLDQG:X6ZDUWHQEURHN[
HWDO*XDQHWDO.LPHWDO7KLVJURZWKKDVRSHQHGXSRSSRUWXQLWLHVWRLQFUHDVH
WKH DFFXUDF\ UREXVWQHVV DQG FRPSXWDWLRQDO FRPSOH[LW\ RI ODWHVW VLPXODWLRQ PRGHOV DQG WR DGGUHVV
LVVXHVRISUDFWLFDOUHOHYDQFHIRUPRGHOOLQJK\GURG\QDPLFSURFHVVHV3DUWLFXODUH[DPSOHVLQFOXGHWKH
WUHDWPHQWRIWKHVLQNVRXUFHWHUPVLQYROYHGLQWKHJRYHUQLQJHTXDWLRQVSDUDPHWHUVHQVLWLYLW\DQDO\VLV
WKHDGRSWLRQRIPRUHVRSKLVWLFDWHGQXPHULFDOVFKHPHVIRUUHDOVFDOHVLPXODWLRQV
7R H[SORLW VXFK RSSRUWXQLWLHV WKHUH LV D JURZLQJ QHFHVVLW\ WR SURPRWH LQWHUGLVFLSOLQDU\ UHVHDUFK
DFURVV D ZLGHU UDQJH RI H[SHUWV IURP PDWKHPDWLFV HQJLQHHULQJ SK\VLFV DQG FRPSXWHU VFLHQFHV WR
EULGJHJDSVDQGWRHVWDEOLVKDFRPPRQUHVHDUFKSHUFHSWLRQLQRUGHUWRWDFNOHWKHUHVHDUFKDUHDLQD
PRUH KROLVWLF ZD\ 7KLV ZDV WKH PRWLYDWLRQ RI WKH ³$GYDQFHV LQ 1XPHULFDO 0RGHOOLQJ RI
+\GURG\QDPLFV´ZRUNVKRSKHOGLQ6KHIILHOG8.LQ0DUFK7KHZRUNVKRSEURXJKWWRJHWKHU
VFLHQWLVWVDQGHQJLQHHUV IURPDFURVVGLIIHUHQWFRXQWULHV )UDQFH%HOJLXP6ZLW]HUODQG,WDO\6SDLQ
3RUWXJDO6ZHGHQ8.*HUPDQ\7DLZDQ86$&KLQD6RXWK$IULFDDQG6DXGL$UDELDDQGFDUHHU
VWDJHV IURP 0 6F WR SURIHVVRULDO OHYHO 7KH FRQWULEXWLRQV WR WKLV VSHFLDO LVVXH ZHUH SDSHUV
SUHVHQWHGDWWKHZRUNVKRSZKLFKZHUHVXEMHFWWRSHHUUHYLHZE\WKHZRUNVKRS¶VVFLHQWLILFDGYLVRU\
ERDUG GHWDLOV LQ 6HFWLRQ  6HOHFWHG SDSHUV ZKLFK ZHUH LGHQWLILHG WR RIIHU VLJQLILFDQW VFLHQWLILF
DGYDQFHWRPRGHOOLQJK\GURG\QDPLFVZHUHH[WHQGHGDQGXQGHUZHQWDULJRURXVSHHUUHYLHZSURFHVV
$FFHSWDQFHLQWRWKLV6SHFLDO,VVXHZDVEDVHGRQFRPSUHKHQVLYHUHYLHZUHSRUWVWKHDXWKRUVDGGUHVVLQJ
FULWLFDO UHYLHZV H[DPLQDWLRQ E\ WKH *XHVW HGLWRUV DQG ILQDO GHFLVLRQ E\ WKH (GLWRULQ&KLHI 7KLV
6SHFLDO ,VVXH LV H[SHFWHG WR EHQHILW UHVHDUFKHUV DQG HQJLQHHUV DGGUHVVLQJ WKHRUHWLFDO DQG DSSOLHG
DVSHFWVRI&RPSXWDWLRQDO+\GUDXOLFVVHHDOVR)RUHZRUG
 6FRSHRIWKHDFFHSWHGSDSHUV

x 9DOLGLW\RIDGYDQFHG5LHPDQQVROYHUVIRU'ULYHUK\GUDXOLFV$SSUR[LPDWH5LHPDQQVROYHUVDUH
IUHTXHQWO\XVHGWRVROYHSUREOHPVLQ&RPSXWDWLRQDO)OXLG'\QDPLFV$PRQJWKHVHVROYHUVWKRVH
EXLOGIURPWKH+//+DUWHQHWDODQG5RHDSSUR[LPDWLRQVHPHUJHGYHU\SRSXODULQ
WKH ILHOG RI FRPSXWDWLRQDO ULYHU K\GUDXOLFV OHDGLQJ WR PDQ\ LPSURYHG YDULDQWV ,Q WKLV LVVXH
)UDQ]LQLDQG6RDUHV)UD]mRFRPSDUHWKHSHUIRUPDQFHVRPHODWHVWYHUVLRQVRIWKH+//,QWHUDOOLpH
+//DQG+//6DQG5RH$XJPHQWHGZLWKHQHUJ\EDODQFH5LHPDQQVROYHUVZLWKDNH\IRFXV

&RUUHVSRQGLQJDXWKRUV7HO
(PDLODGGUHVVJNHVVHUZDQL#VKHIDFXNPXHOOHU#LJSPUZWKDDFKHQGH'DQLHO&DYLHGHV9RXOOLHPH#EWXGH
RQ VROYLQJ ' VKDOORZ IORZ ZLWK YDU\LQJ FKDQQHO VKDSHV DQG JHRPHWULHV 7KH SDSHU
GLDJQRVWLFDOO\ LGHQWLILHV WKH SURV DQG FRQV RI WKHVH HPHUJLQJ WHFKQLTXHV DQG GLVFXVVHV WKHLU
LPSOLFDWLRQVIRUSUDFWLFDOIORZVLPXODWLRQV
x &RDUVHPHVK'IORRGPRGHOZLWKVXEJULGVFDOHHIIHFWV$FFXUDWHDQGHIILFLHQWLQWHJUDWLRQRIWKH
JHRPHWULFDO GHWDLOV RI XUEDQ DUHD LV DQ HQGXULQJ FKDOOHQJH WR ' PRGHOOLQJ RI VXUIDFH ZDWHU
IORRGLQJ6XEJULGPRGHOVKDYHEHHQGHYLVHGDQGDSSOLHG WRDFFRXQW IRU WRSRJUDSKLFYDULDELOLW\
WKDWLVWRRVPDOOWRUHVROYHZLWKWKHFRPSXWDWLRQDOPHVK6DQGHUVHWDO,QWKLVLVVXHg]JHQ
HW DO RIIHU DQ H[WHQGHG IRUPXODWLRQ WR WKH GHSWKDYHUDJHG VKDOORZ ZDWHU HTXDWLRQV ZLWK
DQLVRWURSLF SRURVLW\ WR DFFRXQW IRU VXEJULGVFDOH HIIHFWV ZKLOH XVLQJ FRDUVHJULG VLPXODWLRQV
7LPHYDU\LQJSRURVLW\ WHUPVDUH LQWURGXFHGDV IXQFWLRQRI WKHZDWHUHOHYDWLRQ LQ WKHFHOO DQGD
FXPXODWLYH GLVWULEXWLRQ IXQFWLRQ RI WKH XQUHVROYHG ERWWRP HOHYDWLRQ WR HQDEOH IXOO LQXQGDWLRQ
DFURVV D FRDUVH FHOO 7KH DSSOLFDELOLW\ RI WKH QHZ HTXDWLRQV LV YHULILHG IRU YDULRXV WHVWV DQG
FRPSDUHGZLWKKLJKUHVROXWLRQUHIHUHQFHVLPXODWLRQVZLWKKLJKOLJKWVRQSRWHQWLDOHIILFLHQF\JDLQ
DQGRQRSHQHQGHGUHVHDUFKFKDOOHQJHV
x 6LJQLILFDQFH RI WKH VHGLPHQW GLIIXVLRQ WHUP WR K\GURPRUSKRG\QDPLF PRGHOOLQJ 'HWHUPLQLVWLF
PRGHOOLQJ RIEHGORDG WUDQVSRUW LQ VHGLPHQWDWLRQ HQJLQHHULQJ DQGFRPSXWDWLRQDO ULYHUG\QDPLFV
KDYH UDSLGO\ HPHUJHG LQ UHFHQW\HDUV 0DUVRROL DQG:X.HVVHUZDQL HW DO  ,Q WKLV
LVVXH %RKRUTXH] DQG $QFH\ H[DPLQH WKH LPSRUWDQFH RI VHGLPHQW GLIIXVLRQ DVVRFLDWHG ZLWK
DGYHFWLRQ LQ EHG ORDG WUDQVSRUW 7KH FRQFHSW RI VHGLPHQW WUDQVSRUW LV UHYLVLWHG E\ IXUWKHU
LQWHUWZLQLQJZLWKSUREDELOLVWLFWKHRU\WRLGHQWLI\WKHUROHSOD\HGE\SDUWLFOHGLIIXVLRQLQEHGORDG
WUDQVSRUW %DVHG RQ WKH VKDOORZ ZDWHU HTXDWLRQV FRXSOHG ZLWK ([QHU HTXDWLRQ QXPHULFDO
VLPXODWLRQVDUHSHUIRUPHGWRUHSURGXFHFKDQQHOGHJUDGDWLRQDQGDQWLGXQHGHYHORSPHQWLQJUDYHO
EHG VWUHDPV RYHU VWHHS VORSHV 9DOLGDWLRQV ZLWK UHVSHFW WR IOXPH H[SHULPHQWV LV SHUIRUPHG WR
LOOXVWUDWHWKHLPSURYHPHQWDVVRFLDWHGZLWKWKHLQFOXVLRQRIWKHGLIIXVLRQWHUP
x 3K\VLFDO DQG QXPHULFDO PRGHOOLQJ RI +HOH6KDZ IORZ 6KDOORZ ZDWHU IORZV WKURXJK WKLQ
JHRPHWULHV DUH RIWHQ DVVRFLDWHG ZLWK +HOH6KDZ IORZ %R\NR HW DO  )RU VXFK IORZV WKH
DGYHFWLYHLQHUWLDO IRUFHVDUHVPDOOFRPSDUHGZLWKYLVFRXVIRUFHVDQGWKHERXQGDU\FRQGLWLRQV
DUHGHILQHGE\SUHVVXUHVDQGVXUIDFHWHQVLRQV,QWKLVLVVXH.DORJLURXHWDOH[SORUHDQDO\WLFDOO\
QXPHULFDOO\DQGH[SHULPHQWDOO\WKHGDPSHGPRWLRQRIGULYHQZDWHUZDYHVLQD+HOH6KDZWDQN
7KH HTXDWLRQV JRYHUQLQJ WKH K\GURG\QDPLFV RI WKH SUREOHP DUH GHULYHG IURP D YDULDWLRQDO
SULQFLSOHIRUVKDOORZZDWHUEXWZLWKIXUWKHULQFOXVLRQRIVXUIDFHWHQVLRQHIIHFWVOLQHDUPRPHQWXP
GDPSLQJ DQG LQFRPLQJ YROXPH IOX[ WKURXJK WKH ERXQGDU\ DW ZKLFK ZDYHV DUH JHQHUDWHG 7KH
GLVFRQWLQXRXV *DOHUNLQ PHWKRG LV DSSOLHG WR VROYH WKH PRGHO HTXDWLRQV 1XPHULFDO UHVXOWV DUH
YDOLGDWHG DJDLQVW H[DFW OLQHDU ZDYH VROXWLRQV DQG ODERUDWRU\ H[SHULPHQWV RI DUWLILFLDOO\ GULYHQ
ZDYHVLQWKH+HOH6KDZWDQN
x 7LPH VWHS HQODUJHPHQW RI DQ H[SOLFLW ILQLWH YROXPH VKDOORZ ZDWHU PRGHO ([SOLFLW QXPHULFDO
PHWKRGV DOWKRXJK GLFWDWH VPDOO WLPH VWHSV GXH WR D &RXUDQW±)ULHGULFK±/HZ\ &)/ VWDELOLW\
FRQGLWLRQ UHPDLQXQGRXEWHGO\RQHRI WKHPRVWSRSXODUDSSURDFKHV LQ VROYLQJ IRUXQVWHDG\
VKDOORZ ZDWHU IORZV 0RUDOHV+HUQiQGH] HW DO  ,Q WKLV LVVXH 0RUDOHV+HUQDQGH] HW DO
H[WHQGWKHLUDSSURDFKIRUUHOD[LQJWKH&)/FRQGLWLRQWR!WRHQDEOHODUJHUWLPHVWHSVLQVROYLQJ
WKH LQYLVFLG VKDOORZ ZDWHU HTXDWLRQV RQ XQVWUXFWXUHG WULDQJXODU PHVKHV 7KLV SDSHU HVSHFLDOO\
IRFXVHVRQ WKHKDQGOLQJRI LQIRUPDWLRQ WUDQVIHU IDFLQJ WKHXQVWUXFWXUHGQHVVRI WKHPHVKHV7KH
SURSRVHGDSSURDFKLVFRPSDUHGDJDLQVWFRQYHQWLRQDOILUVWDQGVHFRQGRUGHUH[SOLFLWVFKHPHVWR
GHPRQVWUDWHLWVSRWHQWLDOLPSDFWVRQDFFXUDF\DQGHIILFLHQF\
x 0RGHOOLQJDLUHQWUDLQPHQWLQVKDOORZZDWHUIORZ,QVRPHVLWXDWLRQVVXFKDVDQ LPSDFW MHWRUD
MXPS IRUPDWLRQ DLUHQWUDLQPHQW LQWR VKDOORZ ZDWHU IORZ FDQ FDXVH WZR OD\HU ZDWHUDLU ZLWK
FRPSOH[ WXUEXOHQW PL[LQJ /XELQ HW DO  &KDQVRQ HW DO  3K\VLFDO DQG QXPHULFDO
PRGHOOLQJ RI WKHVH SURFHVVHV LV FKDOOHQJLQJ DQG GHPDQGLQJ GXH WR WKH SUHVHQFH RI WKH
PDFURVFRSLFLQWHUIDFHPXOWLSOHSDUDPHWHUL]DWLRQVHWWLQJDQGEXEEOHV IRUPDWLRQ LQWHUDFWLRQDQG
WUDQVSRUW WKURXJKRXW WKH IUHHVXUIDFH ,Q WKLV LVVXH /RSHV HW DO H[DPLQH QXPHULFDOO\ DQG
H[SHULPHQWDOO\WKHDVSHFWVRID'FLUFXODUSOXQJLQJMHWRIZDWHUHQWHULQJDSRRO$QH[SOLFLWWHUP
LVLQWURGXFHGWRGHWHFWEXEEOHIRUPDWLRQDQGDLUHQWUDLQPHQWDWWKHIUHHVXUIDFH7KHFDSDFLWLHVRI
D 9ROXPHRI)OXLG EDVHG PRGHO WR GHWHFW WKH IUHHVXUIDFH DQG SUHGLFW WKH YHORFLWLHV LQVLGH WKH
ZDWHU SKDVH LV VWXGLHG DV ZHOO DV PHVK GHSHQGHQF\ LVVXHV 7KH UHVXOWV REWDLQHG DUH IXUWKHU
FRPSDUHGDQGGLVFXVVHGZLWKVLPLODUFDVHVLQWKHOLWHUDWXUH
x &RPSDUDWLYH VWXG\ RI WRSRJUDSK\ LQWHJUDWLRQ WHFKQLTXHV LQ UGRUGHU 'LVFRQWLQXRXV *DOHUNLQ
PRGHOV 5HDOZRUOG VKDOORZ ZDWHU IORZV RFFXU RYHU XQHYHQ WRSRJUDSKLHV 7RSRJUDSK\
GLVFUHWLVDWLRQ WHFKQLTXHV DUH XQDYRLGDEOH IRU WKH GHVLJQ RI VKDOORZ ZDWHU QXPHULFDO PRGHOV
0XULOOR DQG *DUFLD1DYDUUR .HVVHUZDQL  6HYHUDO WHFKQLTXHV KDYH EHHQ SURSRVHG
ZKLFKDUHFRPPRQO\FRQVWUXFWHGEDVHGRQWKHDVVXPSWLRQRIPRWLRQOHVVVWHDG\VWDWH+RZHYHU
WKHLU DELOLW\ WR KDQGOH PRYLQJZDWHU VWHDG\ VWDWH RYHU GLVFRQWLQXRXV WHUUDLQ VKDSHV LV VWLOO
TXHVWLRQHG ,Q WKLV LVVXH &DOHIIL HW DO XQUDYHO WKH FDSDELOLW\ RI ILYH GLIIHUHQW QXPHULFDO
DSSURDFKHVIRUGLVFUHWLVDWLRQRI IUHHVXUIDFHRYHUERWWRPVWHSV$V\VWHPDWLFDQGGLDJQRVWLF'
DQDO\VLV LVSUHVHQWHGFURVVLQJDVSHFWVRIDFFXUDF\RUGHUFRQVHUYDWLRQSURSHUWLHVFRQWLQXRXVYV
GLVFRQWLQXRXVWHUUDLQVKDSHVVWHDG\DQGXQVWHDG\IORZV
x 7KHRUHWLFDODQGVHQVLWLYLW\DQDO\VLVRIWKHGLYHUJHQFHGLVFUHWLVDWLRQRIEHGVORSHVRXUFHWHUP7KH
GLYHUJHQFH IRUPXODWLRQ RI WKH EHG VORSH VRXUFH WHUP 9DOLDQL DQG %HJQXGHOOL  ZLWKLQ WKH
QXPHULFDOVROXWLRQRIWKHVKDOORZZDWHUHTXDWLRQVKDVHPHUJHGDVSK\VLFDOO\EDVHGWHFKQLTXHWR
HDVLO\HIILFLHQWO\DQGDFFXUDWHO\LQWHJUDWHWKHGLVFUHWLVDWLRQRIWKHWRSRJUDSK\LQDZLGHUDQJHRI
QXPHULFDO PRGHOV DQG RQ GLIIHUHQW PHVK VWUXFWXUHV .LP HW DO  +RX HW DO  ,Q WKLV
LVVXH%UXZLHUHWDOSUHVHQWDWKHRUHWLFDODQDO\VLVRIWKHGLYHUJHQFHEHGVORSHIRUPXODWLRQJRLQJ
EH\RQG WKH FODVVLFDO DVVXPSWLRQ RI ORFDOO\FRQVWDQW IUHHVXUIDFH HOHYDWLRQ DQG FRQVLGHULQJ WKH
LQIOXHQFHRQHQHUJ\EDODQFH7KHDQDO\VLVLVSHUIRUPHGIRUWKHFDVHRIDVLQJOHWRSRJUDSKLFVWHS
DQGLVWKHQWHVWHGQXPHULFDOO\$FDOLEUDWLRQSDUDPHWHULVLQWURGXFHGDQGWHVWHGWRIXUWKHULPSURYH
WKHXVHRIWKHGLYHUJHQFHIRUPXODWLRQRQWKHEDVLVWRPLQLPL]HWKHHQHUJ\YDULDWLRQ
 $FNQRZOHGJPHQWV

7KLV ZRUNVKRS¶V VSHFLDO LVVXH ZDV D GLVVHPLQDWLRQ DFWLYLW\ RI SURMHFW ³8QLILHG IORRG PRGHO ZLWK
RSWLPDO ]RRPLQJ DQG OLQNLQJ DW PXOWLSOH VFDOHV´ IXQGHG E\ WKH 8. (QJLQHHULQJ DQG 3K\VLFDO
5HVHDUFK&RXQFLO(3.7KHDGPLQLVWUDWLYHVXSSRUWRIIHUHGE\WKH3HQQLQH:DWHU*URXS
(3, ZDV LQVWUXPHQWDO GXULQJ WKH SODQQLQJ RUJDQL]DWLRQ DQG DGYHUWLVHPHQW RI WKH
ZRUNVKRSDQGLVWKHUHIRUHJUHDWO\DFNQRZOHGJHG
:H DUH DOVR WKDQNIXO WR WKH IROORZLQJ FROOHDJXHV IRU MRLQLQJ WKH ZRUNVKRS¶V VFLHQWLILF
DGYLVRU\ERDUGDQGIRUWKHLUFRQWULEXWLRQWRWKHSHHUUHYLHZRIWKHSDSHUV3DXO%DWHV8QLYHUVLW\RI
%ULVWRO 9DOHULR &DOHIIL 8QLYHUVLW\ RI )HUUDUD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